Abstract. Magnetic disturbances in the Earth's magnetosphere can be very different depending on the type of solar wind driver. We have determined the solar wind causes for intense magnetic storms (D st <−100 nT) over a 6-year period from the beginning of 1997 to the end of 2002, using observations by the WIND and ACE spacecraft. We have taken into consideration whether the storm was caused by the sheath region or by the following interplanetary coronal mass ejection (ICME). We also divided ICMEs into those having a magnetic cloud structure and those without such a structure. We found that post-shock streams and sheath regions caused the largest fraction of intense magnetic storms. We present four periods of magnetospheric activity in more detail. One of the events was caused by a magnetic cloud (10-11 August 2000) and the rest (13-14 July 2000, 8-9 June 2000 and 17-18 April 2001) by sheath regions and post-shock streams. We have used several magnetic indices to monitor the lowand high-latitude magnetospheric response to these different solar wind structures. Two of the events are interesting examples where at first strong high-latitude activity took place and the low-latitude response followed several hours later. These events demonstrate that low-and high-latitude activity do not always occur concurrently and the level of activity may be very different. According to the examples shown the evolution of the pressure-corrected D st index was more difficult to model for a sheath region or a post-shock stream driven storm than for a storm caused by a magnetic cloud.
Introduction
One of the main challenges in space weather is to predict the magnetospheric response from the solar wind conditions upstream of the Earth. The main causes of magnetic activity at the Earth are interplanetary manifestations of coronal mass ejections (CMEs), particularly a subset called magnetic
Correspondence to: E. Huttunen (emilia.huttunen@helsinki.fi) clouds (Burlaga et al., 1981) , post-shock streams and fast solar wind streams (Tsurutani et al., 1988; Gosling et al., 1991; Richardson et al., 2001 ). Magnetospheric activity is often generated by southward interplanetary magnetic fields (IMF) in a region of piled-up solar wind plasma in front of the CME ejecta called the sheath region (Tsurutani et al., 1988) . In the sheath region solar wind plasma is heated and compressed, and the draping of the IMF ahead of the CME ejecta can cause intense southward B z events. A shock is a larger scale structure than the CME ejecta driving it. Thus, in many cases spacecraft upstream of the Earth observe only a shock followed by a disturbed solar wind flow (i.e. post-shock stream) but the CME ejecta itself is missed. Practically all interplanetary shocks observed at 1 AU have been demonstrated to be driven by CMEs (Sheeley et al., 1985) , whereas the corotating interaction regions develop shocks mainly at larger distances from the Sun. It can make a big difference which type of solar wind structure causes the storm. Magnetic clouds have smoothly changing magnetic field direction and typically low dynamic pressure (a few nPa), whereas a rapidly fluctuating magnetic field direction and high dynamic pressure (up to several tens of nPa) are characteristic for sheath regions and post-shock streams. These different solar wind conditions put the magnetosphere under very different driving. Huttunen et al. (2002a) showed that sheath regions and post-shock streams generated more K p activity and magnetic clouds enhanced more D st . This suggests that the magnetospheric current systems have different responses during different types of solar wind drivers.
In this paper we examine the drivers of intense magnetic storms (D st <−100 nT) that occurred during the period from 1997 to 2002, i.e. during the rising, maximum and early declining phases of solar cycle 23. We focus on comparing storms caused by post-shock streams and sheath regions to storms caused by magnetic clouds, because solar wind conditions during these structures are most distinctly different. We investigate four cases in more detail to see the differences in the magnetospheric response driven by different solar wind structures. We have used several magnetic indices, described briefly in Sect. 2.1, to monitor the low-and highlatitude magnetospheric response. In Sect. 2.2 we discuss the definition of a magnetic storm based on different activity indices. We have applied two D st models that are described in Sect. 2.3 to predict the time evolution of D st for four example events presented in Sect. 3.2. The purpose of this paper is to show that sheath regions and post-shock streams are efficient drivers of intense D st storms and we demonstrate that, on the other hand, these structures sometimes generate intense and relatively long lasting high-latitude activity though D st and SY MH do not decrease concurrently.
Analysis procedure

Description of magnetic indices
The level of magnetic activity is continuously monitored by various magnetic indices calculated from the measurements of different sets of magnetometer observatories distributed around the Earth (Mayaud, 1980) . The D st index is calculated every hour from perturbations of the horizontal component (H ) of the geomagnetic field using measurements of four low-latitude magnetometer stations. Physically, D st aims to measure the strength of the symmetrical equatorial ring current, but it is contaminated by other current systems (e.g. magnetopause current, tail current, field-aligned currents). In this study final values of D st were available for 1997-2001 and provisional values were used for the year 2002.
The SY MH index (Iyemori, 1990; Iyemori and Rao, 1996) is essentially the same as the D st index, but has a higher time resolution (1 min) and is calculated from a partly different set of six stations. SY MH is obtained by averaging the disturbance component at each minute for the selected 6 stations. ASY H is an asymmetric disturbance component in the SY MH index. The longitudinally symmetric component is subtracted from the disturbance field for each station. ASY H is obtained as the range between the maximum and minimum deviations. D st , SY MH and ASY H monitor mainly low-latitude activity (i.e. evolution of the ring current), although 1-min SY MH and ASY H are more sensitive to the substorm related activity (e.g. tail current disruption at the substorm onset).
The AE index is derived as 1-min values from geomagnetic variations in the H component using a chain of 10-13 magnetometer stations distributed under the Northern Hemisphere auroral zone. AE measures the strength of the auroral electrojets and thus represents the substorm activity well. When the overall level of magnetic activity is high, the confidence of AE is reduced as the auroral oval moves equatoward. However, for all presented events in Figs. 2-5, AE should give a good estimate during the whole storm period.
K p is a range index obtained from 13 subauroral stations. First, the local disturbance levels at each stations are determined by taking the largest excursion in the horizontal components during a 3-h time interval. The range is converted into a local K-index using the station specific quasilogarithmic scale. The effects of annual and daily variations are eliminated by applying conversion tables. This determines the standardized K index, K s , for each station that is expressed in the range 0-9 in steps of one unit. A 3-h global geomagnetic index, K p , is obtained as an average of K s values. Variations in K p are difficult to interpret physically since depending on the level of magnetic activity, the K p stations are under the influence of different magnetospheric current systems. Thus, K p is more sensitive to high-latitude activity than D st . All magnetic indices described above are available at the World Data Center for Geomagnetism, Kyoto.
Definition of a storm
We briefly discuss the definition of a magnetic storm in the context of the indices used in this study. Generally, a magnetic storm is understood as an increase in particle energy densities encircling in the equatorial ring current, which causes a global depression of the low-latitude H component of the Earth's geomagnetic field lasting several hours (e.g. Kamide et al., 1997) . The strength of a magnetic storm is usually defined by the minimum D st . The D st value −50 nT is often used as a threshold for a moderate storm, and −100 nT as a threshold for an intense storm (e.g. Gonzalez et al., 1994) . However, it has become clear that D st measures more than just the symmetric ring current. It has been documented both observationally and in theoretical models (e.g. Greenspan and Hamilton, 2000; Liemohn et al., 2001 ) that in the storm main and early recovery phases, the ring current is highly asymmetric. Up to 90% of the magnetic field depression during a storm can be due to ions in open trajectories (Liemohn et al., 2001) , i.e. they drift around the Earth on the dusk side and disappear on the dayside magnetosphere. Also, other current systems, especially the tail current, may have a significant contribution to D st (Ganushkina et al., 2003; Turner et al., 2000; McPherron, 1997) . Thus, it should be pointed out that when we talk about the ability of different solar wind structures to generate intense D st storms, it is not exactly consistent with their ability to increase the amount and energy of particles encircling in a ring current. The relative contribution from different current systems may be different in storms caused by different solar wind structures.
The K p index is also widely used as a storm indicator, though it is more difficult to interpret physically and may have a significant contribution from high-latitude auroral currents. According to Tsurutani et al. (1997) , magnetic activity is defined as moderate if K p is 5 or larger, and intense if K p exceeds 6. Gosling et al. (1991) and Richardson et al. (2001) defined a large storm to have 7−≤K p max ≤7+ and K p ≥6− for at least three 3-h intervals during a 24-h period. In this work we investigate both low-and high-latitude magnetic activity. In Sect. 3 we show two examples where a sheath region generated high level AE and K p activity, but D st and SY MH indices were not depressed to storm-time values at the same time. Burton et al. (1975) :
For constants a and b, we have used values b=7.26 ntT(nPa) 1/2 and c=11 nT derived by O'Brien and McPherron (2000a) . The evolution of D * st is covered by the Burton et al. (1975) formula:
where Q(E) is a ring current injection function and τ is a ring current decay parameter. For Q(E) the M1 model uses a linear function of solar wind E y =V B S similar to Burton et al. (1975) with slightly modified coefficients:
The injection term in the M2 model depends on the solar wind dynamic pressure:
The coefficient −4.3 is chosen so that Q(E) is consistent with the Burton et al. (1975) value when P dyn is 2 nPa. Thus, a P dyn larger than 2 nPa increases the ring current injection. For the M1 model the ring current decay parameter (τ ) varies as a function of V B S :
In the M2 model τ has a constant value 7.7 h when E y is less than 4 mV/m and 3, or 5 h (the value that gives the best fit is chosen) is used otherwise.
Events
Drivers of intense magnetospheric storms
We investigated the solar wind causes of intense (D st <−100 nT) magnetic storms during the 6-year interval (1997) (1998) (1999) (2000) (2001) (2002) . In total, 56 intense magnetic storms occurred and in 53 cases we could identify the solar wind driver. We decided not to use the pressure corrected D st as it is not statistically important whether the pressure corrected values are used or not for the peak D st . If the pressure corrected values would have been used, the importance of post-shock streams and sheath regions as storm drivers would have slightly increased, as these structures are associated with high dynamic pressure and thus have a large pressure correction. A solar wind driver of a storm was defined as the feature during which the D st index reached 85% of its minimum for this particular storm. Figure 1 shows the drivers of magnetic storms for three different limits of the maximum |D st |: 100 nT, 150 nT, and 200 nT. We classified the drivers of storms in the following categories: post-shock stream or sheath region (shock/sheath), magnetic cloud (MC), CME ejecta without the magnetic cloud structure (ejecta) and solar wind causes not associated with shocks or CME ejecta (other). We identified solar wind drivers from ACE or WIND magnetic field and solar wind measurements. Magnetic clouds were identified using the definition by Burlaga et al. (1981) . Note that the categories "MC" and "ejecta" also include a few cases where sheath region fields preceding the magnetic cloud contributed significantly (but less than 85% of the D st minimum) to the D st depression.
The first bar in Fig. 1 shows the storms for which the maximum |D st | was >100 nT. Sixteen of 53 storms (30%) had a main contribution from southward magnetic cloud fields. The largest fraction of storms, 24 (45%, was caused by a post-shock stream or by a sheath region. In the next bar the limit of |D st | has been increased to 150 nT, and the number of magnetic storms is reduced to 19. The relative contributions from shocks and sheath regions is now larger; they caused 12 (60%) storms, whereas the relative contribution of magnetic clouds decreased. Magnetic clouds caused only 5 storms (20%). And finally, the last panel shows drivers for 11 magnetic storms that had the maximum |D st |>200 nT. Postshock streams or sheath regions caused 7 of these storms, and magnetic clouds caused only 2 or 3 storms. The driver of the biggest storm of solar cycle 23 (31 March 2001) is unclear.
Four of the storms caused by sheath region fields were preceded by a sequence of multiple fast CMEs observed by the LASCO instrument on board SOHO. The sheath region for these cases probably contained piled-up material from the preceding CME(s). The more detailed study of these major magnetic storms (D st <−200 nT) is given in Huttunen et al. (2002b) . The solar wind driver and magnetospheric consequences of the strong storm on 6-7 April 2000 are described in detail in Huttunen et al. (2002c) .
Events
Four periods of solar wind data and magnetospheric indices are presented in Figs. 2-5. Solar wind data is obtained from the ACE satellite located near the L1 point, more than 200 R E from the Earth. All solar wind data have been shifted from ACE to the magnetopause. The data before the shock have been shifted by the approximate downstream solar wind speed and the data after the shock by the approximate upstream solar wind speed. The overlapping data points were omitted as physically they were hidden inside the shock structure. Figure 2 shows an example of an intense magnetic storm driven by a slow speed magnetic cloud that was observed by ACE on 10-11 August 2000. There was a small shock at ACE at 04:07 UT on 10 August. The magnetic cloud started at ∼19:00 UT on 10 August, identified from a drop in plasma beta (not shown) and the start of slow the magnetic field change. The B z minimum was −14 nT at the leading edge, from which the southward component rather smoothly decreased during the passage of the cloud. Dynamic pressure was only a few nPa. As a consequence, the subsolar magnetopause was not significantly compressed from the quiet-time position (∼11 R E ).
The energy injection to the magnetosphere was steady, Figure 3 shows another intense magnetic storm that was caused by a disturbed solar wind flow after a strong shock observed at ACE on 18 April at 00:05 UT. The D st minimum was about the same as for AUG2000. The comparison of this event to AUG2000 reveals many differences in the characteristics of the solar wind driver and the storm evolution. At the shock the solar wind speed rose from about 380 km/s to 500 km/s, and solar wind temperature, density, and the magnetic field magnitude had clear jumps. During several hours after the shock, the IMF had irregular behaviour, fluctuating from the south to the north. At the shock the dynamic pressure increased from a few nPa above 10 nPa and remained high for several hours. Figure 3c shows that the dayside magnetopause was strongly compressed during a 6-h period (i.e. during high dynamic pressure), most of that time beyond the geostationary orbit.
There was one longer interval of southward IMF from about 02:00 to 04:00 UT on 18 April, with a minimum value of −25 nT. The energy input was strong, up to 6×10 12 W, but irregular. The main phase of this storm lasted only 5 h. D * st reached the minimum value −128 nT (D st : −114 nT) on 18 April at 07:00 UT. Figure 2f shows that during the storm main phase the symmetric part of H was clearly larger than the asymmetric part. The high-latitude response was stronger than during AUG2000. K p had 9-h period storm-time values (6, 7+, 7−), with the maximum being 7+ on 18 April, 03:00-06:00 UT. Note that during this 9-h period all K p values were larger than the maximum K p for AUG2000. The level of the AE activity was high, reaching 1800 nT. AL shows that four substorms occurred during the main phase. The most intense one (∼−1500 nT) took place before the start of the D st and the SY MH decrease. For this event the M1 model gives a rather good estimation of the D st .
13-14 July 2000 (JUL2000)
Last two events were not intense magnetic storms if determined by D st , but they were associated with strong highlatitude activity. The first of these events is shown in Fig. 4 . A strong shock was observed at ACE on 13 July 2000 at 09:18 UT. Note that this event took place 2 days before the famous Bastille Day CME hit the magnetosphere (Lepping et al., 2001) . After the shock the magnetic field direction fluctuated rapidly from the south to the north, with the minimum B z about −20 nT. At the shock dynamic pressure increased above 20 nPa and remained high until about 17:00 UT on 13 June. From that time to about 02:00 UT on 14 June the magnetic field had regular behaviour and the solar wind dynamic pressure decreased to a few nPa, suggesting that ACE observed a CME ejecta. The subsolar magnetopause was significantly compressed and fluctuated around the geostationary orbit from 10:00 to 15:00 UT.
The ε-parameter shows that the energy injection was very sporadic but strong, with peaks reaching 6×10 12 W (i.e. values comparable with APR2001). There was also some energy input between 19:00-23:00 UT due to southward CME ejecta fields, but the magnitude of the southward component was only ≤4 nT and the ε-parameter was 5−9×10 11 W. During the sheath region passage, high-latitude activity was strong. K p had storm-time values (6−, 7, 6+) for a 9-h period (09:00-18:00 UT) and at the same time AE was enhanced up to ∼1100 nT. In total, were 6 substorms, but most of them were only a few hundred nT. The most intense one was about −700 nT. During the period of the strong high-latitude activity, D * st and SY MH stayed around the quiet level. Large positive D * st values were observed during the pressure pulse and most likely, the pressure correction (Eq. 1) used was not enough to remove the effect of the magnetopause currents. Several hours later, when high-latitude activity had already weakened, D * st decreased to −45 nt at 20:02 UT on 13 June. Despite the weak D st response this event fulfilled the K pcriteria by Gosling et al. (1991) for a large storm . Both models, especially the M2 model (with τ =3 h), predict a D st depression during the sheath passage that is too large and when the measured D s t * decreased, the models predict the recovery of D * st . On the next day, 14 July 2000, K p again had high values (5− 7+ 7−) for a 9-h interval and the AE activity reached almost 2000 nT with no concurrent decrease in D st or SY MH . This event was caused by a fluctuating magnetic field following a shock seen by ACE on 14 July at 14:59 UT. D st started to decrease on 14 July at 21:00 UT and reached the minimum value, −34 nT, on 15 July at 01:00 UT. We could not use this event for further study, as both WIND and ACE lacked solar wind measurements. However, magnetic field data show that from 21:00 UT on 14 July when D st started to decrease to the time of the D st minimum at 01:00 UT on 15 July, B z (in GSM) had slightly northward values (2−6 nT). Thus, the D st models used would likely have failed to predict the D st depression similar to the event shown in Fig. 4. 
8-9 June 2000 (JUN2000)
The last event is shown in Fig. 5 . ACE detected a strong shock on 8 June 2000 at 08:41 UT. For about 8 h after the shock the magnetic field direction fluctuated and the solar wind dynamic pressure, was high. On 8 June starting at about 16:00 UT, ACE observed regular magnetic field behaviour and decreasing dynamic pressure indicating the presence of a CME ejecta. During the sheath region (∼09:00-16:00 UT), the magnetopause was compressed beyond the geostationary orbit. The ε-parameter shows again strong but irregular energy input. The AE and K p indices were most strongly enhanced during the sheath region passage. The AE maximum was about 1900 nT and before the start of the D st and SY MH decrease three substorms took place. During the main phase there were two substorms. K p had storm-time values of 15 h and a maximum value of 7, 12:00-15:00 UT on 8 June. D * st started to decrease after 16:00 UT about the time of the arrival of the CME ejecta. The D * st minimum was -90 nT on 8 June at 20:00 UT. The M1 model predicts somewhat lower D * st than the measured during the strong highlatitude activity. When the measured D * st decreased by almost 100 nT to its minimum value the model predicts only about a 30 nT decrease. The M2 model (with τ =3 h) predicts correctly the depth of the D * st minimum, but too early.
Discussion
During the six year period (1997) (1998) (1999) (2000) (2001) (2002) 53 intense (D st <−100 nT) magnetic storms occurred for which we could identify the solar wind cause. We found that postshock streams and sheath regions were the most important storm drivers, causing nearly half (45%) of the storms. The importance of post-shock streams and sheath regions was increased when the limit of the D st depression was increased. Tsurutani et al. (1988) showed, based on 10 magnetic storms that sheath regions alone can drive intense magnetic storms. Note that we defined the cause of a storm as the solar wind structure that led to 85% of the D st minimum of that particular storm. Defining the cause as the structure that led D st to cross our storm limits (−100, −150 or −200 nT, see Fig. 1 ) would have increased the importance of shocks and sheath regions as storm drivers. The period of our study covers rising, maximum and early declining phases of solar cycle 23. Thus, during most of the period the CME activity was high. According to the WIND magnetic cloud list at http://lepmfi.gsfc.nasa.gov/mfi/mag cloud pub1.html 60 magnetic clouds were identified during the years 1997-2002. This means that about one-fourth of magnetic clouds that hit the Earth caused an intense magnetic storm. The total number of shocks observed at 1 AU during the period of our study was much larger than the number of magnetic clouds. According to the ACE shock list at http:// www.bartol.udel.edu/ ∼ chuck/ace/ACElists/obs list.html, approximately 200 shocks (only clear cases included) were observed during 1997-2002. Thus, about one-tenth of postshock streams and sheath regions caused an intense magnetic storm. Although southward sheath region fields led to the D st minimum in such a large fraction of intense storms, the following magnetic cloud having southward fields are important in the sense that D st recovers slowly, i.e. magnetic cloud fields do not necessarily cause further enhancement of D st but can keep D st low for a long time. Besides, storms caused by magnetic cloud fields usually have more gradual D st decrease (i.e. longer main phases) than storms caused by post-shock streams and sheath regions. Let us consider characteristics and differences of magnetic cloud and sheath region/post-shock stream driven magnetic storms. In Fig. 2 (AUG2000) we presented an intense magnetic storm driven by a magnetic cloud. Typical for magnetic clouds are small variations in solar wind parameters, for example, smoothly changing IMF B z and low dynamic pressure. For the comparison in Fig. 3 we showed an intense magnetic storm driven by a post-shock stream (APR2001). Events JUL2000 and JUN2000 presented in Figs. 4 and 5 were caused by sheath region fields, but had a weaker D st response. Sheath regions and post-shock streams are associated with irregular behaviour of solar wind variables: the magnetic field direction is highly variable and the dynamic pressure is high with large variations in its magnitude. The draping of magnetic field lines and the compression of solar wind plasma ahead of a CME ejecta lead to large IMF magnitudes and intense southward B z events.
Because of low dynamic pressure the subsolar magnetopause is not significantly compressed during the magnetic cloud passage. A passage of a sheath region or a postshock stream causes significant magnetopause compression, as seen from Figs. 3c-5c. The subsolar magnetopause was compressed several hours beyond the geostationary orbit, and there were large-scale fluctuations in its position. When the magnetopause is strongly compressed the losses of particles drifting to the dayside magnetosphere are enhanced, which in turn may partly keep D st from developing (Kozyra et al., 2002) . On the other hand high dynamic pressure may enhance the ring current injection (Fenrich and Luhmann, 1998) .
The energy input to the magnetosphere is steady and continues for a long time during magnetic clouds because of the smooth rotation of the magnetic field direction. Thus, magnetic clouds cause periods of steady convection. On the contrary, during the passage of sheath regions and post-shock streams the energy input is usually irregular, but intense. The larger the convection electric field the closer is the separatrix between the open and closed drift trajectories to the Earth (e.g. Kamide et al., 1997) . In our study the peak value of the southward B z during the solar wind driver for intense storms was larger for post-shock streams and sheath regions than for magnetic clouds (29 nT and 21 nT with standard deviations 13 nT and 12 nT). Thus, generally during post-shock streams and sheath regions particles on open trajectories drift closer to the Earth than during magnetic clouds. The effects of the fluctuating convection electric field are twofold: on the one hand, although the energy input is strong, if the periods of enhanced convection are very short in duration (like for JUL2000 and JUN2000), particles are not transported to the ring current region. Such a large fraction of post-shock streams and sheath regions cannot drive intense D st , storms since the magnetic field direction fluctuates too rapidly. On the other hand, when the duration of the injection peaks are longer (like for APR2001), post-shock streams and sheath regions seem to efficiently drive intense D st storms. The weakening of the convection electric field is necessary for trapping particles from open trajectories to closed trajectories (e.g. Gonzalez et al., 1994; Kamide et al., 1997) . Kamide et al. (1997) discussed that fluctuations in convection can enhance the ring current increase compared to the steady convection of the same average magnitude when the storm length exceeds 3 h.
It has been demonstrated (Kamide et al., 1997; Kozyra et al., 2002) that the nightside plasma sheet source population changes have a great importance in the ring current evolution. Presumably, strong high-latitude activity and solar wind pressure pulses during the sheath region or post-shock stream passage cause an enhanced outflow of O + ions, as both the high AE activity and high solar wind dynamic pressure are shown to correlate with O + energy density in the near-Earth magnetotail (Daglis et al., 1994) . Furthermore, high densities typical for sheath regions and post-shock streams may lead to a "super-dense" plasma sheet, that if swept from nightside to dayside, will lead to an extra decrease in D st (Borovsky et al., 1997) . Thus, sheath regions and post-shock streams provide a rich particle source population in the near-Earth plasma sheet. When these particles are injected into the inner magnetosphere, D st decreases. During the magnetic cloud passage, the plasma sheet particle population decreases and although the convection remains high, D st recovers during the magnetic cloud because less particles from the plasma sheet are injected into the inner magnetosphere. For example, sheath region fields caused the intense magnetic storm on 6-7 November 2000, although the following magnetic cloud had southward fields at the leading edge and more intense southward IMF values than the sheath region. Liemohn et al. (2001) presented similar events simulating the near-Earth ion distribution with a kinetic transport model. The evolution of magnetic indices for intense storms AUG2000 and APR2001 was very different, which reflects differences in the response of magnetospheric current systems. For AUG2000 D st decreased gradually, in 10 h, to the minimum value, whereas for APR2001 the main phase lasted only 5 h. For AUG2000 the symmetric part of H was larger than the asymmetric part of H during the whole storm period. During the main phase of the APR2001 storm, the asymmetric part of H dominated the symmetric part and ASY H had large variations. Also, for the JUL2000 and JUN2000 events ASY H had large values during high-latitude activity. For all events peaks in ASY H were associated with high AE activity. We suggest that a substorm related partial ring current flowing around the dusk side of the Earth caused these ASY H peaks. Iyemori (1990) discussed the morphology of such a current system as inferred from the mid-latitude asymmetric fields. Partly, large ASY values for sheath regions and post-shock streams can result from periods of intense convection when particles drift close to the Earth and disappear on the dayside magnetopause. A further interpretation would require a closer investigation of the magnetic recordings from magnetometer stations that have been used to derive ASY H and SY MH indices for each event. APR2001 had higher level K p and AE activity, while D st minima were about the same. K p values for APR2001 were larger than the maximum K p for AUG2000. During the passage of a magnetic cloud for AUG2000 the AE activity was continuous. The local IMAGE magnetometers in the midnight sector indicated very complicated current structures (data not shown). Our recent studies (Huttunen et al., 2002c; Pulkkinen et al., 2002) have shown that the auroral activity during magnetic storms can be very variable, sometimes exhibiting clear substormlike processes and sometimes not.
Events JUL2000 and JUN2000 were associated with strong high-latitude activity, comparable to the APR2001 intense storm. For both events K p and AE were strongly enhanced without concurrent decrease in SY MH or D st . The most intense high-latitude activity had weakened when D st and SY MH started to decrease. For the JUL2000 event AE reached 1100 nT and for the JUN2000 event, almost 2000 nT. Both events were large storms according to the K p criteria by Gosling et al. (1991) , but JUL2000 was only a minor magnetic storm if determined by D st .
For AUG2000 both the M1 and M2 models predicted well the D * st behaviour and the minimum value of D * st . The problems of the M1 and M2 models in predicting D * st variations for JUL2000 and JUN2000 are probably due to large and rapid variation of the magnetic field direction. It seems that these high frequencies are filtered out in the magnetosphere. The pressure correction of D st given by Eq. (1) may not be adequate to remove the effect of the magnetopause current systems. Furthermore, the sheath regions and post-shock streams may cause strong preconditioning of the nightside plasma sheet. The injection of these particles to the ring current region can cause the unpredicted intensification of D * st .
Conclusions
In this study we have shown that post-shock streams and sheath regions caused the largest fraction of intense magnetic storms (D st <−100 nT) during 1997-2000. The evolution of a storm caused by a magnetic cloud has many differences when compared to a storm caused by a post-shock stream or by a sheath region. Post-shock streams and sheath regions are associated with irregular behaviour of solar wind variables and high dynamic pressure. These features result in strong and variable convection strength (essential for trapping ring current particles), preconditioning of the nightside plasma sheet source population and strong high-latitude activity. Due to high dynamic pressure the subsolar magnetopause is compressed at times beyond the geostationary orbit. Probably the compressed and dynamic state of the magnetosphere also increases the geoeffectivity of these structures.
Our study demonstrates that, on the other hand, sheath regions and post-shock streams may cause relatively intense and long-time disturbances at the high-latitude magnetosphere, while they have little or no effect at the low-latitude magnetosphere (i.e. decrease of D st or SY MH ). These kind of events would be classified as large magnetic storms if the K p index only were used as a storm indicator. For the events presented here high-latitude activity was not followed by low-latitude activity until several hours later. Thus, having a global idea of the magnetospheric effects using different magnetic indices is necessary. It was shown that the magnetic activity generated by post-shock streams and sheath regions is more difficult to model probably due to more irregular solar wind conditions and the preconditioning of the nightside plasma sheet source population. To distinguish the general trend in the characteristic of magnetospheric activity generated by different solar wind drivers is helpful for space weather forecasting and for better understanding of magnetospheric dynamics.
